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Abstract— With the availability of small system in package
realizations, radar systems become more and more attractive
for a variety of applications in robotics, in particular also for
collaborative robotics. As the simulation of robot systems in
realistic scenarios has become an important tool, not only for
design and optimization, but also e.g. for machine learning
approaches, realistic simulation models are needed. In the case
of radar sensor simulations, this means providing more realistic
results than simple proximity sensors, e.g. in the presence
of multiple objects and/or humans, objects with different
relative velocities and differentiation between background and
foreground movement. Due to the short wavelength in the
millimeter range, we propose to utilize methods known from
computer graphics (e.g. z-buffer, Lambertian reflectance model)
to quickly acquire depth images and reflection estimates. This
information is used to calculate an estimate of the received
signal for a Frequency Modulated Continuous Wave (FMCW)
radar by superposition of the corresponding signal contri-
butions. Due to the moderate computational complexity, the
approach can be used with various simulation environments
such as V-Rep or Gazebo. Validity and benefits of the approach
are demonstrated by means of a comparison with experimental
data obtained with a radar sensor on a UR10 arm in different
scenarios.

I. INTRODUCTION

The detection of objects in the vicinity of both mobile and
stationary robots becomes ever more important, in particular
when robots share the space in which they operate with
humans (see Fig. 1). Actually, it is not just about detection
- knowledge of the pose, shape and relative velocity of the
objects in the near surrounding of robots plays a major role
for safe and efficient motion planning. Proximity perception
addresses the acquisition and representation of the related
information. Humans use a sensor fusion approach with
a strong emphasize on vision for proximity perception.
Nevertheless, other information obtained form sources such
as sound, thermal radiation, movement of air etc. is also
used. Technical systems can augment the perception with
additional non-contact sensing principles that go beyond the
sensing capabilities of humans. Such principles include, e.g.
optical, vision, capacitive, ultrasound and radar systems.

In order to have wide applicability, the size and weight
of such sensors is crucial and a variety of principles can be
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Fig. 1: Radar system towards collaborative robotics: With
the radar sensor mount on the robot, the relative distance
and relative velocity of objects can be determined. The setup
shows a moving human and a stationary cylinder, the robot
arm itself is also moving. The plots show the determined
relative distances (top right) and relative velocities (bottom
right) for both with respect to the robot arm as obtained from
the radar sensor and as obtained from a optical reference
system. The small differences demonstrate the accuracy of
the radar system.

considered for proximity perception, e.g. solid state optical
phased array Light Detection And Ranging (LIDAR) [1],
miniaturized 3D ultrasound sensors [2], miniaturized Time
of Flight (ToF) cameras (e.g. [3]). Printed thermal radiation
sensors [4] and capacitive sensors [5]—[7] offer the advantage
of very low thickness of the sensor elements, but have limited
spatial resolution and range.

Radar systems offer many advantages compared to other
sensor principles. They allow to directly determine distance
and velocity of objects in their field of view. In comparison to
optical and vision based systems, they are rather insensitive
towards staining and surface scratches. Radar sensors can be
covered by a protective layer, which also allows invisible
installation of the systems, as the radar signals can pass
through non-conductive materials.

FMCW radars offer several advantages that make them
in particular useful for collaborative robotics. They are well
suited for solid state integration and thus of miniaturized
realization. Several radar sensors can be used in the same
space with minimal interference due to a comparatively easy
separation in frequency and time domain. They provide high
resolution and simultaneous measurement of distance and
velocity also for short ranges. Consequently, they can be
utilized in proximity perception, collision avoidance and



human robot interaction like in gesture recognition.

With the availability of small radar systems that can
even include antenna arrays within the chip package, radars
have become attractive for many applications in proximity
perception. Sensor chips no larger than a finger tip have
successfully been used in gesture based human machine
interaction e.g. with wrist watches or mobile phones [8], [9].

A. Related Work

In the field of autonomous and mobile robotics, radar
sensors are commonly used for navigation and mapping [10].
Millimeter-Wave (mmW) radars have been successfully ex-
ploited by several research teams, for applications such as
Simultaneous Localization and Mapping (SLAM) [11], [12],
because of their advantageous operation capabilities in the
long sensing range, as well as in harsh outdoor environments,
e.g., night, fog and similar. Radar sensors are state of the art
in Advanced Driver Assistance Systems (ADAS) [13], such
as automotive Adaptive Cruise Control (ACC) systems, and
in research for autonomous driving, e.g., [14], [15].
Recently, in [16] the radar sensor technology was also
transferred to indoor mobile robot platforms: a PR2 Robot
operates a mmW radar sensor with external antennas in
the k-band (15-26.5 GHz) for 2D and 3D imaging, as a
complement to optical sensors such as depth cameras.
Investigations towards safety aspects, in order to monitor the
operation range of a robot based on an FMCW radar have
been done in [17].

Thanks to further improvements, obtained by shrinking
the size and integrating the antenna array on the sensor chip,
mmW radar technology has become very attractive also for
proximity perception [9], [18], [19]. 160 GHz radar with
flexible waveguides and multiple antennas have been ana-
lyzed for proximity perception for collaborative robots [20],
with corner reflectors utilized as targets. However, this con-
figuration is in practice not suitable in a shared human robot
environment.

As simulations have become very important for research in
robotics, e.g. with respect to generate synthetic yet realistic
training data for machine learning, also accurate simulation
models of mmW radar systems that are suitable for the
integration in robot simulation environments are of major
interest. Due to complexity of geometries, analytic solu-
tion of the well-known Maxwell equations is usually not
possible and numerical approaches such as Finite Element
Time Domain or (FETD) [21] or Finite Differences Time
Domain (FDTD) [22] have to be used. However, while
providing rather accurate results, these approaches require
high computational effort and are thus time consuming (e.g.
[23]), as the short wave length of mmW radar requires fine
discretization of the geometry.

Research towards real time simulation models for radars
actually has a long history (e.g. [24]) and radar simulations
have been developed for various domains, e.g. meteorology
(e.g. [25]), geoscience (e.g. [26]) and the automotive domain
(e.g. [27])). Instead of solving the full Maxwell equations,
approximations are used, including approaches based on

geometrical optics [28] and in particular ray tracing, e.g. for
the computation of the so-called radar cross section of an
object [29].

B. Contribution

We present a simulation approach for FMCW radar sys-
tems that is capable of providing realistic raw data for
FMCW radars in various scenarios. The validity of the
approach is demonstrated by comparison of simulation and
experimental results using an optical marker based system
for reference measurements (’ground truth”), with a radar
system integrated on the flange of a URI10 robot arm, as
shown in Fig. 1.

Advantages of the suggested approach are:

o Easy integration into existing simulation frameworks.

o As the approach uses standard methods from computer
graphics to determine depth maps and shading, fast
algorithms and hardware acceleration can be utilized.

o As the approach generates raw data similar to actual
radar sensors, it can be used to develop and study
signal processing algorithms including machine learning
approaches.

o Radar parameters such as chirp rate, number of chirps,
field of view, beam forming, etc. can easily be adjusted.
It is also suitable to study benefits and drawbacks of cer-
tain configuration even before actual hardware becomes
available. Therefore, it can also support the development
of integrated circuit design, as requirements can be
derived from the simulations.

The remainder of this paper is structured as follows: In
Section II the concepts of FMCW radar systems is revised
with the corresponding signal processing. The proposed
simulation approach is described in Section III. Section IV
describes the used experimental setup and compares the
experimental result with the simulation results. Finally, in
Section V a conclusion is given.

II. FMCW RADAR
A. Sensing Principle

FMCW radars are based on electromagnetic wave propa-
gation and can be fully described by Maxwell’s equations.
FMCW methods typically use linear chirp signals at the
transmitter side. The propagated wave will be reflected by
obstacles and the reflected waves are captured by receiver
antennas. Antenna arrays can be used for electronic beam
steering. Fig. 2 shows the typical system block diagram of
a FMCW radar.

The transmitted signal can be mathematically modeled as
a linear chirp

s(t) = A (ot KE) | geemiloripe) )

where K = T% is the chirp rate and w = 27 fr is the lower
chirp frequency. B is the bandwidth of the chirp signal and
defined as B = f,, — fq; T is the chirp duration and A the
signal amplitude.
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Fig. 2: Typical system block diagram of an FMCW radar
module with multiple antennas. The transmitted radar signal
gets reflected by objects. In the receiver, the received signal is
mixed with the transmitter signal and low pass filtered. After
Analog-to-Digital Conversion (ADC), raw data is provided
in digital form. With signal processing, the distance and
velocity are determined. The radar beam can be steered me-
chanically, or electronically by the used of several antennas
as illustrated.

In the simplest case with only one reflection on one surface
with uniform distance d(¢), the received signal is a time
delayed and scaled copy:

sn(t) = Bl (W=D FK(E-7))

(2)
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where 7 (or actually 7(¢)) is the time delay given by the
ratio between distance d(t) at time ¢ and the speed of light
co, such that 7 is given by

T(t) =2

for an initial distance dy and a constant relative velocity v.

After mixing with the transmitter signal and low-pass
filtering of the received signal to remove high frequency
mixing products, one obtains the signal

dog + vt
co
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The instantaneous angular frequency is the time derivative
of the exponent. Neglecting the small last term, one obtains

£ = 2220 + 2Kdo + 4K vt) 5)
cy 2w

The first term corresponds to the classical Doppler shift,
the second depends on the distance, the third represents
the change of the frequency due to movement, which is
often neglected. In cases where the chirp rate K is fast
enough, the Doppler shift might be negligible. However,
when this is not the case, different approaches can be applied
to separate velocity and distance dependent contributions.
Using a positive and a negative chirp allows to separate both
terms, as the sign of the distance dependent term is different

for positive and negative chirp signals. Another approach
is to utilize the third term, i.e. the time dependency of the
frequency. While the first two terms are not time dependent,
the change is due to the third term. Consequently, the velocity
can be determined from the change of the frequency over
time as described in Section II-B).

B. Distance and Velocity Estimation

To estimate the distance to a single static object, a single
Fast Fourier Transform (FFT) operation can be used to
determine the beat frequency of the demodulated signal
spr(t). When several objects are within the range of the
radar system at different distances, the FFT will show several
peaks corresponding to the respective distances. Applying
another FFT to the frequency components of a sequence of
FFT results allows to determine the velocity of an moving
object. Fig. 3 shows typical chirp signals obtained from a
radar with corresponding frequency and range-velocity map.
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Fig. 3: Illustration of the signal processing to obtain distance
and velocity. The sequence of raw signals (left, one column
corresponds to the time signal for one chirp) an FFT applied
to each column (middle). The peaks in this plot correspond
to the distance of the objects. Applying an FFT over the
sequence of the chirp FFTs allows to determine the velocity
of each object. The corresponding plot (right) therefore
shows distance and velocity of moving objects.

C. Radar Hardware Description

The sensor used for the experiments is the 60 GHz
multi-channel radar transceiver Infineon BGT60, shown
in Fig. 4, interfaced with the Infineon XMC4500 board
to provide USB communication to the host PC. During
measurements, the radar generates frequency chirps in a
configurable bandwidth from 57 GHz to 64 GHz, suitable
for short range computations [9]; moreover, the user
can control via software the transmitter power, sampling
frequency and number of samples and chirps.

III. SYNTHETIC DATA GENERATION FOR
MULTIPLE OBJECTS

A. Determination of Signal Contributions

The proposed simulation model approximates the radar
system using a depth image of a scene as illustrated in Fig. 5.
Each pixel of the depth image covers a certain solid angle;
consequently, the signal power per pixel is independent of the
distance. For each pixel, the signal gets reflected at the given



Fig. 4: Custom 3D-printed plastic support to hold the radar
onto the robot flange. Optitrack markers are also mounted
around the sensor to obtain reference measurements.

distance with a certain reflectance. The transmitted signal
power, i.e. the radiant intensity P, is proportional to AA*
and is send out into space, such that

P= JU(.0dods ©)

where U (¢, 0) corresponds to the radiated power per solid
angle, i.e. the radiance intensity, which can be expressed by
the power and the directivity of the emitter

D(¢,0)P

When the wave approaches a surface boundary A; (i.e. a
change of the wave impedance), the power P4, that reaches
this boundary is given by the integral of the radiance intensity
over the solid angle S; corresponding to the surface area A;,

Puilon0) = [ Uo.0)ds, ®

Further assuming that the area and thus the considered
solid angle goes towards zero, the distance d; and the
reflectance R; towards the receiver antenna can be assumed
constant over this solid angle. Then, the power at the receiver
obtained from this area is given by

AT(¢7 0)

PrSi:T?

R(6,6)Ps:(4,9) ©)
Note that Pg; and the effective antenna aperture A, are
characteristics of the radar antennas and do not depend on
the object, therefore these can be combined into K (¢, 6):
. 1

Since the power is converted into an electrical voltage
signal given by U = 1/ P/R, the signal contribution arriving
as a reflection from this area is given by

sesilt) = K(6,0) T VIRG.0)s(t —7) (D)

7

Fig. 5: Illustration of the proposed approach. A depth image
is computed for the geometry. The signal power in each
pixel does not depend on the distance of the object, as the
corresponding area increases in the same way as the intensity
decreases. However, the corresponding received reflected
power by the area corresponding to one pixel scales with
the square of the distance. The contributions from all pixels
are weighted according to the directivity of receiver and
transmitter antenna (array) and the reflection model, and then
summarized to obtain the time signal corresponding to the
raw data according to Fig. 3.

The integral to obtain the receiver signal is approximated
using 2D discretization. Each pixel receives a certain power
from the transmitter depending on the total power and the
directivity in the direction of the pixel. As an approximation
it is assumed that the distance over the pixel as well as
the reflectance over the area corresponding to the pixel are
constant. Consequently, the synthesized receiver signal sjps
is obtained in analogy to the single object case from

1) = 3030 Ky /R (o (rrens=000)
i g v

+ A*Befj (27’(w+27th7277'K'r))
12)

where K;; represents the transmitter and receiver character-
istic with respect to the pixel, d;; the distance for this pixel
as obtained from a depth image with 7;; as the corresponding
time of flight (compare Eq. 3) and R;; as the reflection
coefficient for the surface covered by the pixel (compare
Section III-B). The simulated ADC samples are obtained by
evaluation s/ (t) at the sampling times sps[n] = spr(nATs)
with sampling interval Ts. The velocities are approximated
by computing the depth map differences between two suc-
cessive simulation steps

Ger — (dije — dije—1)
ik At

where At is the time difference between two simulation
steps and d;; 1 and d;; ,—1 are the distances for the pixels

13)



at simulation steps k and k£ — 1. Hence, the chirp signals
are generated by adjusting the distance values based on the
introduced change in distance due to the velocity.

B. Reflection Model

Radar signals are partially reflected at boundaries between
areas with different wave impedance and, depending on the
material and boundary properties, both specular and diffuse
reflection can occur. Modeling this behavior would require
detailed knowledge of these parameters, which is often not
available. However, as the main information on distance and
velocity is represented in the frequency domain, the magni-
tudes are not that critical and it is therefore proposed to use
approximate models and accepting issues such as limitation
in the correct behaviour in situations with low signal to noise
ratios. A common approach to model diffuse reflection as
it occurs on rough surfaces is using Lambertian reflectance
model [30]. In this model, the intensity in a certain direction
is proportional to the scalar product of the face normal
vector and the direction of the beam. Additionally, specular
reflections may be added [31], i.e. an excessive reflection in a
mirror like fashion, e.g. using Fresnel reflection coefficients.
Both approaches are well established in computer graphics
and standard rendering in a gray scale fashion can thus be
used to obtain the relative reflectance with respect to the
radar receiver. Consequently, both a grey scale image and a
depth image are combined in the proposed approach for the
radar simulation.

C. Simulation Setup

The environment including the UR10 robot, the human,
the object as well as the radar sensor has been simulated
using the robot simulation tool V-REP. It is worth noting
that the proposed framework is not limited to V-REP but
can be extended to other simulators, e.g. Gazebo. For the
simulation of the radar sensor, one has to adjust the following
parameters:

o Signal bandwidth
e Chirp rate

o Sample rate

o Number of chirps

Changing the values of these quantities allows to control
detection range and accuracy of the radar, as well as the
number of measurement data to process. Increasing the num-
ber of chirps increases the velocity resolution of the radar
whereas adjusting the bandwidth allows to adapt the range
resolution of the radar. In the simulation environment, a
depth camera with an adjustable resolution of IV, x IV, pixels
was used to acquire the raw depth information. Depending
on the clipping of the depth camera, the raw camera data was
scaled to distance values per pixel. Further signal generation
and processing was done as described in Section II.

IV. EXPERIMENTAL SETUP AND RESULTS

For the experimental tests, we mounted the radar on
the flange of a Universal Robot UR10 (see Fig. 4), a 6-
Degree-of-Freedom (DoF) industrial robotic arm, suited for

collaborative applications.

In order to have a versatile and reusable setup, we created
a testbench where the robot is mounted on the edge of a
table, onto which one or more targets can be positioned at
known locations. The robot is then able to move freely in
its environment, allowing the radar to adjust its field of view
according to the targets’ position.

For the ground truth we tracked both the radar sensor and
the targets with special markers and a motion capture system
from Optitrack [32]. A set of seven cameras, operating at
a configurable working frequency, constantly measures the
pose of each tracked object, with respect to a common refer-
ence frame, with sub-millimeter accuracy. It is then straight-
forward to compute the distance between radar and targets
and, by operating on the working frequency, an estimation of
the velocity of every object is also possible, gaining further
data to use along the moving velocity imposed to the robot.
From this, we designed a Robot Operating System (ROS)
framework to perform several operations:

o Connect to the radar module and configure radar prop-
erties (transmitted signal power, chirp characteristics,
number of samples, etc.).

o Connect to the Optitrack software to retrieve ground
truth values.

o Start transmission and collect raw data, to be directly
used in the simulation environment.

o Perform signal processing algorithms, such as FFT, in
order to retrieve distance and velocity of the measured
targets.

o Collect all data and compare with both the ground truth
and the simulation results.

In our setup, the UR10 sends its joint configuration at

a rate of 125 Hz, the radar provides distance and velocity
estimates at a rate of 40 Hz, and the Optitrack provides every
object’s pose also at a rate of 40 Hz. While higher rates are
possible for the cameras, the computation of the velocity in
that case leads to false peaks and errors.

A. Human and Object movement test

A lot of applications involve robots interacting with
objects in their workspace, e.g. for object manipulation.
These kind of actions can proceed while a human operator
collaborates with the robot in the scene; therefore, we created
as a meaningful use-case scenario for both simulation and
real measurement, a setup with a single static object on the
table and a moving person approaching or moving away
from the robot. This setup, shown already in Fig. 1 and
in the video attachment, shows different advantages. For
example, the human moves more randomly with respect to
the robot, providing better coverage of different scenarios and
sensor’s measurement ranges. It also analyses a human-robot
collaboration case, well suited for simulation environments
as the one proposed in this paper. Human have more complex
reflection properties than a standard-shaped object, giving
more peaks with lower amplitude in the frequency spectrum;
for example, the face and the chest will often result in
two separate peaks, and the amplitude of each of these
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Fig. 6: Results of a human-object movement experiment. The top row shows the real data captured by the radar sensor
for a scene as shown on the left. The bottom row shows the corresponding simulation data of the proposed framework.
The red and yellow bounding boxes are the object and the human, respectively. Both velocity and range are captured from
real measurements and simulation and a snapshot of the range-velocity map at sample n = 200 is shown in the left plot.
The plot in the middle shows the obtain range estimates compared to the ground truth Optitrack values for a linear robot
movement with speed Yyr = 250mm/s and a human approaching and leaving the robot. The rightmost plot shows the

estimated velocities, respectively.

peaks may vary with the specific movement. This results in
more complex distance and velocity estimation than regular
objects.

B. Results

Real measurement and simulated data are compared to
check the validity of the simulation environment. Fig. 6
shows certain portions of the human-object movement. Since
the object is static and the robot moves towards the object,
the object reflects the strongest. Nevertheless, when the
human approaches the robot, the radar captures multiple
reflections, which are mapped to the human trajectory. This
situation is also reproduced by the proposed simulation envi-
ronment. Also, the velocity estimation of both the robot and
the human can be reproduced by the simulation framework.
The velocity estimation for the human is more challenging,
for both measurement and simulation, due to the complex
and strongly varying reflection pattern. The real and simu-
lated estimates are in good accordance both with the ground
truth and between each other.

V. CONCLUSION

In this paper we presented a simulation approach for
FMCW radar sensors, in particular with respect to collab-
orative robotics and integration of short range radar systems
on mobile and stationary robots into robot simulation en-
vironments such as V-rep or Gazebo. Based on methods
from computer graphics, it can utilize fast algorithms and
hardware acceleration and is thus capable to provide raw

signals in real time. Current limitations of the proposed ap-
proach are ignorance of mirror-like reflections and multiple
reflections along a beam path. Despite the fact that only
a simple approximation of the refection properties is used,
comparisons with experimental data show that the simulation
results are in good accordance for both distance and velocity
estimation for a wide range of scenarios. Therefore, the
proposed approach provides much more realistic results for
radar sensors than models that are typically available in robot
simulation environments. As it can easily be integrated into
such environments, it can be used to study, analyze and
optimize radar systems on robots as well as to study, analyze
and optimize the corresponding signal processing without the
need to have a physical realization.

APPENDIX

The video attachment shows a variety of experiments con-
ducted in the lab and the corresponding simulation results.
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